ABSTRACT Analogs of dUTP and UTP that contain a biotin molecule covalently bound to the C-5 position of the pyrimidine ring through an allylamine linker arm have been synthesized. These biotin-labeled nucleotides are efficient substrates for a variety of DNA and RNA polynerases in vitro. Polynucleotides containing low levels ofbiotin substitution (50'molecules or fewer per kilobase) have denaturation, reassociation, and hybridization characteristics similar. to those of unsubstituted controls. Biotinlabeled polynucleotides, both single and double stranded, are selectively and quantitatively retained on avidin-Sepharose, even after extensive washing with 8 M urea, 6 M guanidine hydrochloride, or 99% formamide. In addition, biotin-labeled polynucleotides can be selectively immunoprecipitated in the presence of antibiotin antibody and Staphylococcus aureus protein A. The unique features ofbiotin-labeled polynucleotides suggest that they will be useful affinity probes for the detection and isolation of specific DNA and RNA sequences.
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Nucleotide analogs that can function as indicator "probes" when incorporated in polynucleotides would be of significant utility in many procedures used in biomedical and recombinant DNA research. When used in conjunction with immunological, histochemical, or affinity detector systems, such reagents could provide suitable alternatives to radioisotopes for the detection, localization, and isolation of nucleic acid components. Biotin (vitamin H) has many features that make it an ideal probe candidate. The interaction between biotin and avidin, a 68,000-dalton glycoprotein from egg white, has one ofthe highest binding constants (KY., = 10'5) known. (1) . When avidin is coupled to appropriate indicator molecules (fluorescent dyes, electrondense proteins, enzymes, or antibodies), minute quantities of biotin can be detected (24) . The specificity and tenacity of the biotin-avidin complex has been exploited to develop methods for the visual localization of specific proteins, lipids, and carbohydrates on or within cells (for review, see. ref. 2 ). Davidson and associates (9) (10) (11) chemically crosslinked biotin to RNA, via cytochrome c or polyamine bridges, and used these RNA-biotin complexes as probes for in situ hybridization. The sites of hybridization were visualized in the electron microscope through the binding of avidin-ferritin or avidin-methacrylate spheres. Although this approach to the detection of polynucleotide sequences was successful in the specialized cases examined, a simpler and more general procedure for preparing biotin-substituted nucleic acids was desirable. Biotin directly attached to a nucleotide that functions as an efficient polymerase substrate would be more versatile, both in the experimental protocols and in the detection methods that could be used.
We have synthesized a number of nucleotide analogs that contain potential probe determinants (e.g., biotin, iminobiotin, and 2,4-dinitrophenyl groups) covalently attached to the pyrimidine or purine ring in the hope that one of-them might prove to be a useful affinity reagent. This report describes the synthesis of biotin-labeled derivatives of UTP and dUTP (1 and 2, respectively) that are substrates for RNA or DNA polymerases. The properties of the resulting biotin-substituted polynucleotides appear to satisfy the basic criteria required of a good affinity probe. Synthesis of 1 (Bio-UTP) and 2 (Bio-dUTP). Mercuration step. The 5-mercurated derivatives ofUTP and dUTP were prepared by a modification ofthe procedure of Dale et aL (12) . UTP (570 mg, 1.0 mmol) or dUTP (554 mg, 1.0 mmol) in 100 ml of 0.1 M sodium acetate, pH 6.0, was treated with mercuric acetate (1.59 g, 5.0 mmol). The solution was heated at 500C for 4 hr and then cooled on ice. Lithium chloride (392 mg, 9.0 mmol) Abbreviations: AA-UTP and AA-dUTP, 5-(3-amino)allyl uridine and deoxyuridine triphosphates, respectively; Bio-UTP and Bio-dUTP, 5- [18] [19] [20] [21] [22] [23] [24] hr, the reaction mixture was passed through a 0.45-,um membrane filter (Nalgene) to remove most of the remaining metal precipitate. The yellow filtrate was diluted 1:5 with H20 and applied to a 100-ml column of DEAE-Sephadex A-25 (Pharmacia). After washing with 1 column vol of 0.1 M sodium acetate, pH 5.0, the products were eluted by using a 1-liter linear gradient (0.1-0.6 M) of sodium acetate, pH 8-9, or Et3NHCO3, pH 7.5. The desired product was in the major UV-absorbing peak, which eluted between 0.30 and 0.35 M salt. Because spectral analysis showed that this peak contained several products, final purification was achieved by reverse-phase high-pressure liquid chromatography on columns of Partisil-ODS2, using either 0.5 M (NH4O3PO4, pH 3.3 (analytical separations), or 0.5 M Et3NHOAc, pH 4.3 (preparative separations), as eluents. AA-UTP and AA-dUTP were the last peaks to elute from the column and they were cleanly resolved from three as-yet unidentified contaminants. The characterization of the (3-amino)allyl nucleotides by proton NMR, elemental, spectral, and chromatographic analyses will be presented in detail elsewhere. These studies clearly showed that the (3-amino)allyl substituent is attached to the C-5 position of the pyrimidine ring and that the olefinic protons are in the trans configuration.
Conversion of AA-UTP or AA-dUTP to Bio-UTP and BiodUTP. Biotinyl-N-hydroxysuccinimide ester was prepared from biotin (Sigma) as described (3 Avidin-Sepharose was prepared by coupling avidin to cyanogen bromide-activated Sepharose 4B essentially as described (22) . Columns containing 0.2 ml of resin were equilibrated with 10 mM Tris-HCl/ 0.20 M NaCl, pH 7.5, and the DNA samples (3 x 1 cpm per load; 2
x 107 cpm/flg) were applied in 0.2 ml of the same buffer. The columns were washed with 1.0 ml of loading buffer and then treated with 2.0 ml of eluent. The % DNA retained on the resin was calculated by using the formula (cpm of DNA loaded -cpm eluted) . cpm loaded, as determined by Cerenkov counting. * pBR322 DNA labeled with [3 PldAMP by nick translation in which 5% of the TMP residues have been replaced by Bio-dUMP.
erativity and the extent of hyperchromicity observed during denaturation are virtually identical to that of control polymers. Thus, pBR322 or A DNAs that have been nick translated to introduce =20 biotin molecules per kilobase have melting temperatures similar to those of their biotin-free counterparts. Even MVM replicative form (RF) DNA in which every TMP residue in one strand (=1250 in 5 kilobases) is replaced by BiodUMP has a melting temperature that is only 5YC less than that of the unsubstituted DNA. Of greater significance is the observation that lightly labeled DNA probes hybridize in solution at essentially the same rate as biotin-free probes (Fig. 3) . Furthermore, 32P-labeled biotin-substituted pBR322 DNA has the same degree ofspecificity and autoradiographic signal intensity as control biotin-free pBR322 DNA when used as a hybridization probe for detecting bacterial colonies that contain the plasmid (data not shown). These results indicate that a substantial number of biotin-labeled nucleotides can be introduced into a poly(dA-dBio-U) 50 .0 47 pBR322 DNAs were prepared by nick translation and thermally denatured in 10 mM Tris.HCl/50 mM NaCl/1.0 mM EDTA, pH 7.5. MVM RF DNAs were prepared as described in the legendto Fig. 1 , and melting profiles were determined in 10 mM Tris HCl/1.0 mM EDTA, pH 7.5. poly(dA-dT) and poly(dA-dBio-U) were prepared from E. coli DNA polymerase I reactions primed by poly(dA-dT) as described (24), andmeltingprofiles were determined in 10 mMTris HCl/0.10 M NaCl/ 1.0 mM EDTA, pH 7.5. nucleic acid probe without significantly altering its hybridization characteristics.
Several additional properties of biotin-labeled polynucleotides are worth noting at this point. First, phenol extraction should be avoided whenever possible during purification ofBio-DNA or Bio-RNA because heavily substituted polymers are extracted into the phenol layer and even lightly or moderately substituted ones (e.g., nick-translated DNAs) can often be retained at the phenol/H20 interface. Second, because the mass ofBi6-dUMP is about twice that ofTMP, extensive substitution can appreciably increase the overall mass of the polymer. For example, biotin-labeled MVM RF DNA (Fig. 1B) and restriction fragments derived from it migrate more slowly in agarose gels than their biotin-free counterparts (Fig. 4) When Bio-dUMP is in the recognition site of EcoRI (G-A-A-T-T-C), the DNA is totally refractory to this enzyme although it remains sensitive to digestion by Hae II (PuG-C-G-CPy) (Fig.  4) . 
DISCUSSION

